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h i g h l i g h t s
 PU resins were synthesized with pre-polymer/polyol ratios of 1:1 (rigid PU) and 1:1.5 (semi rigid PU).
 Le Bail method allowed the determination of unit cell parameters and crystallite size and shape.
 Kratky plots showed that increasing the mass polyol ratio it were produced less organized systems.
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a b s t r a c t
Two different types of polyurethane (PU) resins were synthesized with pre-polymer/polyol (–NCO/–OH)
mass proportions of 1:1 (Rigid PU) and 1:1.5 (Semi rigid PU). Based on the results from Dynamic
Mechanical Analysis (DMA), rigid PU showed a higher Storage Modulus (E0) which may be related to
the macromolecules crosslinking process. In contrast, the greater Loss Modulus (E00) in semi rigid PU
was related to the greater ability to dissipate energy, suggesting that the change in polyol/pre-polymer
ratio promotes structural changes in PU resins. Le Bail method was performed with a triclinic crystal
structure (for rigid PU, a = 4.9117 (2) Å, b = 8.1103 (2) Å, c = 19.7224 (2) Å, a = 116.2831 (2),
b = 125.4058 (2) and c = 83.6960 (2)). Average crystallite size was found in the range of 26 (1) Å for rigid
PU and somewhat smaller around 20 (1) Å for semi rigid PU. The Guinier radii of gyration (Rg) and the
maximum particle sizes (Dmax) were calculated based on Small Angle X-ray Scattering (SAXS) curves.
Two different values for Radii of gyration (Rg) were calculated, one obtained from Guinier’s plot using
the program Microcal Origin 7.5 (RgORIGIN) and other from the pair-distance distribution function (p(r))
calculation, using the GNOM (RgGNOM) program package The possible highest values of (RgORIGIN) were
obtained from Guinier’s curves. For rigid and semi rigid PU resins, the (RgORIGIN) values were, respectively,
(320 ± 1) and (260 ± 1) Å. The average radii of gyration (RgGNOM) were obtained from the calculated
pair-distance distribution function (p(r)). For rigid and semi rigid PU resins, the RgGNOM values were,
respectively, (95 ± 1) Å and (86 ± 1) Å. Dmax values were obtained from the p(r) and ranged from
(330 ± 3) Å to (260 ± 3) Å for rigid and semi rigid PU, respectively. Kratky curves showed that less
organized systems were produced when the polyol amount was increased.
 2014 Elsevier B.V. All rights reserved.
Introduction
Since, in the late 1930s, Otto Bayer and co-workers discovered
and patented the chemistry of polyurethanes, these materials
have found an increasingly outstanding position among the
most important organic polymers for intensive technological
applications [1–3]. Polymerized urethane resins represent a prod-
uct of chemical reaction between an isocyanate and a hydroxyl
group [4–6].
Due to the great industrial importance of polyurethanes, the
chemistry of isocyanates has been extensively studied [7–10]. In
polyurethane polymerization, a compound containing two or more
isocyanate groups per molecule reacts with a polyol or a
polyfunctional alcohol [5]. Castor oil, obtained from the castor seed
of Ricinus communis [11], is one of the most important renewable
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resources for the production of many industrial polymers. Their
unusual composition and chemistry promotes valuable applica-
tions, including preparation of polyurethanes [12,13]. The high
concentration of triglycerides in castor oil makes it almost a pure
chemical, allowing to be treated as a natural polyol [5].
Previous work have shown that polyol/pre-polymer ratio
(–NCO/–OH) is related to molecular structure of polyurethanes
[7,14]. Trovati et al. [7] analyzed PU resins using X-ray diffraction
(XRD) analysis and showed that rigid and semi rigid PU present
structural differences related to the intensity of the peak located
at 2h = 11. The goal of this paper is to characterize structurally
the PU resins synthesized with different polyol ratio. Two different
types of PU resins were prepared by polycondensation synthesis
using (–NCO/–OH) mass proportions of 1:1 (rigid PU resin) and
1:1.5 (semi rigid PU resin). A structural characterization was per-
formed using Dynamic Mechanical Analysis (DMA), Le Bail method
and Small-angle X-ray Scattering (SAXS) technique. XRD patterns
of polyurethane [7] were used to extract structural information
performing the Le Bail method to reﬁne cell parameters and to
obtain crystallite size and shape. The polymer macromolecular
chains were analyzed by DMA. Small angle X-ray Scattering (SAXS)
was used to determine size and shape of the scattering particles.
Understanding the regular arrangement of polymeric materials is
essential for the prediction of processing methods and new techno-
logical applications.
Experimental
Synthesis of polyurethane resins
Castor oil-based PU resins were developed at the Grupo de
Química Analítica e Tecnologia de Polímeros (GQATP – USP – São
Carlos – Brasil). The resin is composed of pre-polymer and polyol,
which were produced by Cequil Industry – Araraquara, SP, Brazil.
Pre-polymer is based on the diphenylmethanodiisocyanate (MDI)
with 23% of free isocyanate. Polyols are derived from castor oil with
different amount of functional hydroxyl. The resulting hydroxyl
index was found to be 300 mg KOH/g. These values were provided
by Cequil Industry andmore information about chemical structure
is conﬁdential. Pre-polymer/polyol ratio was used with stoichiom-
etric relation of 1:1 for Rigid PU and 1:1.5 for Semi rigid PU.
Dynamic Mechanical Analysis (DMA)
Rigid and semi rigid polyurethane resins were molded in
dimensions of (60.0  12.0  3.0) mm3. DMA analysis was carried
out at GQATP using ASTM D5418-07 and DMA Q800 equipment
from TA Instruments with dual cantilever clamp system by the
oscillatory method (1 Hz, strain of 0.25%); ampleness of 20 lm;
heating rate of 5 C min1; initial isotherm of 1 min; temperature
range of 100 to 150 C; cooling carried out by liquid nitrogen.
Le Bail method
The use of Le Bail method [15] to obtain polymer structural
information is not very common due to the large overlapped peaks
on diffractograms. Nevertheless it has been used to characterize
some polymeric materials [16–20]. In order to be able to estimate
R factors related to integrated intensities, Rietveld [21] stated: ‘‘a
fair approximation to the observed integrated intensity can be
made by separating the peaks according to the calculated values
of the integrated intensities, i.e.’’
IKðobsÞ ¼
X
j
wjk  S2KðcalcÞ  yjðobsÞ=yiðcalcÞ
n o
ð1Þ
where wj.k is a measure of the contribution of the Bragg peak at
position 2hk to the diffraction proﬁle yj at position 2hj. The sum is
over all yj(obs) which can theoretically contribute to the integrated
intensity Ik(obs). So that there is a bias introduced here by the appor-
tioning according to the calculated intensities, this is why the
observed intensities are in fact said to be ‘‘observed’’, under quotes,
in the Rietveld method. These ‘‘observed’’ intensities are used in the
RB and RF calculations [22].
A process using iteratively the Rietveld decomposition formula
for whole powder pattern decomposition (WPPD) purposes was
ﬁrst applied in 1988 [16] and called much later the ‘‘Le Bail
method’’ or ‘‘Le Bail ﬁt,’’ or ‘‘pattern matching’’ as well as ‘‘proﬁle
matching’’ in the Fullprof Rietveld program [24]. In the original
computer program ﬁrst applying that method, arbitrarily all equal
S2kðcalcÞ values are ﬁrst injected in the above equation, instead of
using structure factors calculated from the atomic coordinates,
resulting in ‘‘Ik(obs)’’ which are then re-injected as new S
2
kðcalcÞ values
at the next iteration, while the usual proﬁle and cell parameters
(but not the scale) are reﬁned by least squares. Equipartition of
exactly overlapping reﬂections comes from the strictly equal result
from the above noted equation for Bragg peaks at the same angles
which would have starting equal calculated intensities. Not start-
ing from a set of all equal S2kðcalcÞ values would produce Ik(obs) values
keeping the same original ratio for the exactly overlapping reﬂec-
tions. It is understandable that such an iterative process requires
as good starting cell and proﬁle parameters as the Rietveld method
itself [23].
Le Bail method was performed using the software package Full-
prof [23]. All parameters were reﬁned by least-squares method
[24]. The pseudo-Voigt function modiﬁed by Thompson–Cox–
Hastings was used as peak proﬁle function [25]. Instrumental
resolution function parameters were obtained from a lanthanum
hexaborate standard, LaB6. The polyurethane structure based on
Blackwell and Ross [26] was used as initial parameters. Particle
size and shape were determined from the anisotropic crystallites
size using spherical harmonics (SHP) [27].
SAXS experiments
The scattered intensity was measured over the scattering vec-
tors, q = (4p/k)sinh, where 2h is the total scattering angle and k is
the generated wavelength, which was monochromatized by using
a graphite crystal monochrometer. In Guinier’s theory, the X-ray
scattering intensity from the sample (I) depends on the number
of particles per unit volume (Np), the electron density difference
between particles and the medium (Dq), volume of the particle
(v), radius of gyration (Rg) and the scattered intensity of a single
electron (Ie) [28].
IðqÞ ¼ IeðqÞNpðDqtÞ2 exp
R2g
3
q2
 !
ð2Þ
In a Guinier plot, ln I(q) vs q2(I(q)? I(0)), the slope of the linear
region allows to obtain the Rg [29]. It was considered the monodis-
perse system, to obtain de average Rg and particles radii. In the
absence of interference effects, a Fourier transform connects the
normalized particle form factor (and hence I(q)) to the pair dis-
tance distribution function, p(r), the probability of ﬁnding a pair
of small elements at a distance r within the entire volume of the
scattering particle as [30]:
pðrÞ ¼ 1
2p2
 Z 1
0
IðqÞqr sinðqrÞdq ð3Þ
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This function provides information about the shape of the
scattering particle as well as its maximum dimension, Dmax,
accounted for a certain r value where p(r) goes to zero. Moreover,
the particle radius of gyration, Rg, value is given by [31]:
R2g ¼
R D max
0 pðrÞr2dr
2
R Dmax
0 pðrÞdr
ð4Þ
SAXS experiments were conducted at the Laboratório Nacional
de Luz Síncrotron (LNLS, Campinas, Brasil), using a monochromatic
X-ray beam (k = 1.488 Å), which focuses the beam horizontally,
and a one dimensional position-sensitive X-ray detector to record
the scattering intensity. Polymer powders were placed in a ﬂat cell
and sealed. The distance between sample and detector was
1010.6 mm to record the scattering due to the scattering particles.
The GNOM program package [32] was used to perform most of the
SAXS calculations.
Results and discussion
Dynamic Mechanical Analysis (DMA)
DMA is a very sensitive technique for investigating the confor-
mation of polymer macromolecular chains during exposure to a
temperature variation [33]. DMA curves (Figs. 1 and 2) show the
viscoelastic behavior of the resins through the Storage Elastic Mod-
ulus (E0), Loss Modulus (E00) and Dynamic Elastic Modulus (E*). They
were evaluated at 20 C. According to the Table 1, the rigid resin
has a higher Storage Modulus (E0) due to the greater rigidity, which
may be related to the macromolecules crosslinking process. So,
hard segments have an important role within the crystalline
domains due to the presence of hydrogen bonding between
urethane and carboxyl groups. The greater Loss Modulus (E00) in
semi rigid resin is related to the mechanical energy dissipation,
with greater ability to dissipate energy when compared to rigid
resin, which may be correlated with the decrease in crystallinity
percentage observed by Trovati et al. [7].
Le Bail method
X-ray diffraction techniques examine the long-range order
produced as a consequence of very short-range interactions. Pow-
der diffractograms of Rigid and Semi rigid PU resin are similar and
exhibited broad peaks at 2h = 8, 11, 19, and 43, indicating some
degree of crystallinity [7]. The main difference between the XRD
patterns is the intensity of the peak located at 2h = 11 [7], which
is lower for semi rigid PU. These peaks are assigned to the scatter-
ing from polyurethane chains with regular interplanar spacing
[34].
Le Bail method was performed for both samples using as initial
values the lattice parameters obtained by Blackwell and Ross [27].
For rigid PU, the reﬁned structural parameter and agreement
factors (Conventional Rietveld R-factor for pattern) for Triclinic
crystal system and P-1 space group were: a = 4.9117 (2) Å,
b = 8.1103 (2) Å, c = 19.7224 (2) Å, a = 116.2831 (2), b = 125.4058
(2) and c = 83.6960 (2); V = 562.5 (0.5) Å3; Rp = 3.76%;
Fig. 1. Curves of storage (E0) and Loss Modulus (E00) for rigid PU.
Fig. 2. Curves of storage (E0) and Loss Modulus (E00) for Semi rigid PU.
Table 1
Values of Storage (E0), Loss (E00) and Dinamic Elastic Modulus (E*) at 20 C.
Resins E0 (MPa) E00 (MPa) E* (MPa)
Rigid PU 1747 50 1748
Semi rigid PU 446 183 482
Fig. 3. Le Bail ﬁt for polyurethane resins.
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Rxp = 4.99% and chi2 = 2.55 (goodness of ﬁt). For semi rigid PU the
reﬁned parameters for the same crystal system and space group
were: a = 4.9209 (2) Å; b = 7.8789 (2) Å; c = 18.3927 (2) Å;
a = 116.8672 (2); b = 121.5664 (2); c = 84.6480 (2); V = 532.3
(0.5) Å3; Rp = 2.69%; Rxp = 3.67% and chi2 = 2.10.
The observed (Iobs) and calculated (Icalc) diffractograms and the
residual line (Iobs  Icalc) as well as indexes for the main reﬂections
for rigid and semi rigid PU resins are showed in Fig. 3. The peaks
located at larger angles are constituted by many reﬂections (wider
clusters) which result in broader peaks. The average crystallite size
was found in the range from 26 (1) to 20 (1) Å for, respectively,
rigid and semi rigid PU resins, showing that the change in polyol
and pre-polymer ratio inﬂuenced in the decrease of crystallinity
[7] and in the global crystallite size. It is interesting to note asym-
metrical features in the apparent size directions. While along to
[100], [010] and [001] directions the apparent size for rigid PU
is, respectively, 26, 26 and 22 Å, it was observed that the crystallite
became lightly smaller for semi rigid PU along [100] and [010]
when the polyol ratio was increased in semi rigid resin.
Fig. 4(a and b) shows the crystallite projections for rigid and
semi rigid PU resins. A plot of the global apparent crystallite shape
was displayed using the GFourier program [35]. It is important to
stress that the standard deviation appearing in the global average
apparent size is calculated using the reciprocal lattice directions
so it is a measure of anisotropy degree. The crystallite morphology
is best viewed in two dimensions, showing that the crystallites of
rigid PU presents a more globular morphology. These results sug-
gest that the degree of crystallinity may be controlled by the ratio
between pre-polymer and polyol. The change in crystallite sizes
can be explained by the degree of crosslinking, which is controlled
by the hydroxyl group present in polyol. Thus, increasing the
amount of polyol is decreased the proportions of urethane
crosslinking.
SAXS analysis
Radii of gyration (Rg), pair-distance distribution function p(r)
calculation and Kratky curves
Due to the polydispersity observed in PU resins system, two dif-
ferent values for Radii of gyration (Rg) were calculated, one
obtained directly from Guinier’s plot using the program Microcal
Origin 7.5 (RgORIGIN) [36] and other from the pair-distance distribu-
tion function (p(r)) calculation, using the GNOM (RgGNOM) program
package [29]. Fig. 5 shows the Guinier plots, ln (I) vs q2, for rigid
and semi rigid PU resins, showing different scattering curves. It is
showed by the slope of the straight line of the Guinier scattering
curves that the samples have different particle size, and that the
rigid PU has a greater particle size than the semi rigid. To calculate
RgORIGIN, only the ﬁve ﬁrst points of the Guinier’s curves were used
to obtain the possible highest value of Rg. It were obtained for,
respectively, rigid and semi rigid PU, the RgORIGIN values of
(320 ± 1) and (260 ± 1) Å.
Fig. 6 shows the p(r) curves for the as-synthesized rigid and
semi rigid PU resins, which showed changes in their shapes with
increasing polyol ratio. It was observed that the system tends to
form particles with less globular morphology when de amount of
polyol was increased, indicating that the particles deviate
Fig. 4. Crystallite projections for PU resins.
Fig. 5. Guinier plots, ln(I) vs q2, for rigid and semi rigid PU resins.
Fig. 6. p(r) curves for the as-synthesized rigid and semi rigid PU resins.
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continuously from the globular shape. From the calculated p(r) it
was obtained the average radii of gyration (RgGNOM). For rigid and
semi rigid PU resins, the RgGNOM values were, respectively,
(95 ± 1) Å and (86 ± 1) Å. For rigid and semi rigid PU, Dmax values
ranged, respectively, from (330 ± 3) Å to (260 ± 3) Å.
Kratky plots (I(q)q2 vs q) can be used to identify disordered
states and distinguish them from globular particles. Fig. 7 shows
the Kratky plots for rigid and semi rigid PU resins which indicate
that increasing the mass polyol ratio it were produced less orga-
nized systems with a lower degree of crystallinity.
Conclusion
We successfully synthesized polyurethane resins using pre-
polymer/polyol (–NCO/–OH) in mass proportions of 1:1 (rigid PU
resin) and 1:1.5 (semi rigid PU resin). It was reported a detailed
systematic observation of resins crystalline phases, which have
some differences in their semicrystalline structures. It was
observed from Dynamic Mechanical Analysis (DMA) that rigid
resin has a higher Storage Modulus (E0), which may be related to
the macromolecules crosslinking process. Moreover, the large Loss
Modulus (E00) in semi rigid resin was related to the greater ability to
dissipate energy. Le Bail method allowed the determination of use-
ful structural information, being possible to determine the unit cell
parameter values and crystallite size and shape. Through SAXS it
was observed that the system tends to form less globular particles,
indicating that they deviate from the globular shape. Kratky curves
showed that less organized systems with a lower degree of crystal-
linity were produced when the polyol amount was increased. Thus,
we report here a detailed systematic observation of crystalline
phases in polyurethane resins synthesized with different
(–NCO/–OH) ratios.
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